Study Design. Retrospective case series of one institute database. Objective. To investigate the differences in the metallic strength of rods used for implant failure in the dual growing rod technique and evaluate clinical outcomes. Summary of Background Data. The dual growing rod technique in which implanted rods extend with the growth of the spine is a useful treatment for early onset scoliosis. However, many complications, particularly those associated with rods, exist. Especially, the implant failure of growing rod focused on metallic strength is unknown. Methods. Thirteen patients (42 lengthening surgeries) who underwent surgery by this technique at our hospital from 2007 were divided into a titanium rod plus titanium connector group (T group, n ¼ 4, 26 lengthening surgeries) and cobalt-chromium rod plus titanium connection group (C group, n ¼ 9, 16 lengthening surgeries). The incidence of implant failure and the site of fracture were retrospectively investigated. Results. Implant failure occurred in three patients in the T group, because of rod fracture in two patients and connector fracture in one. In the C group, implant failure occurred in six patients, because of rod fracture in one patient and connector fracture in seven. Fracture occurred twice in two patients. The rod fracture rate decreased with the use of cobalt-chromium rods but the rate of connector fracture increased. We performed a stress distribution analysis using the finite element method to clarify the mechanisms underlying implant failure in both groups. Regardless of the rod type, the greater load was placed on the distal rod. However, differences in the metallic strength caused the rod to fracture when titanium rods were used and connectors (weak metallic strength) to fracture when cobalt-chromium rods were used. Conclusion. Rod fractures occurred more commonly with titanium rods and connector fractures with cobalt-chromium rods.
occurred in six patients, because of rod fracture in one patient and connector fracture in seven. Fracture occurred twice in two patients. The rod fracture rate decreased with the use of cobalt-chromium rods but the rate of connector fracture increased. We performed a stress distribution analysis using the finite element method to clarify the mechanisms underlying implant failure in both groups. Regardless of the rod type, the greater load was placed on the distal rod. However, differences in the metallic strength caused the rod to fracture when titanium rods were used and connectors (weak metallic strength) to fracture when cobalt-chromium rods were used. Conclusion. Rod fractures occurred more commonly with titanium rods and connector fractures with cobalt-chromium rods. Key words: early onset scoliosis, growing rod, implant failure, metallic strength. Level of Evidence: 4 Spine 2016;41: [502] [503] [504] [505] [506] [507] arly onset scoliosis is a serious disease that can be life threatening because of respiratory dysfunction concomitant with progressive thoracic deformity. 1 Pehrsson et al 2 reported clear improvements in respiratory state in patients treated by posterior pedicle fixation surgery or orthotic therapy. We use expandable spinal implants without the need for bone graft fixation for the treatment of this condition. The dual growing rod technique, in which the rods are extended periodically with spinal growth, has been widely used in recent years. 3 However, complications such as implant failure have been reported by a number of studies. [4] [5] [6] [7] [8] To overcome these implantrelated complications, stronger cobalt-chromium rods have been introduced in clinical settings as an alternative to titanium rods. 9 However, no reports have examined clinical outcomes with a focus on the metallic strength of constructs using different metals.
MATERIALS AND METHODS

Subjects
We examined 12 female patients and one male patient treated by the dual growing rod technique at our institute between 2007 and 2012. From 2007 to 2009, titanium rods plus titanium connectors were used (T group; n ¼ 4; 26 lengthening surgeries) as standard institutional practice. Cobalt-chromium rods were introduced in 2009 and used in all scoliosis correction surgeries with titanium connectors thereafter (C group; n ¼ 9; 16 lengthening surgeries). In the T group, scoliosis classification was congenital in two patients and neuromuscular in two patients. In the C group, the classifications were congenital (n ¼ 2), neuromuscular (n ¼ 2), syndromic (n ¼ 3), and idiopathic (n ¼ 2). All patients were ambulatory and neurologically normal.
Initial conditions and treatment outcomes were retrospectively investigated in both groups using medical records and postoperative X-rays. Patient age, height, body weight, body mass index (BMI) at the time of surgery, preoperative Cobb angle, pre-and post-surgical sagittal parameters (thoracic kyphosis [T2ÀT12], lumbar lordosis [L1ÀS1]), fixation ranges, correction rate, site of fracture, and time until implant fracture were compared between groups.
Surgical Technique
During the initial surgery, a small incision was made at the upper thoracic level and pedicle screws or hooks were placed in the two thoracic vertebral bodies. The Small Xia System (Stryker, Kalamazoo, MI) was used in both groups. Next, a small incision was made at the lumbar level and pedicle screws or hooks were placed in the two lumbar vertebral body. Curved rods was then inserted below the muscle layer via the lower skin incision to the upper skin incision and fastened to the upper foundation anchor. All rods had a diameter of 4.5 mm. The cranial and caudal rods were connected to hollow connectors. The connectors were inserted from the lower skin incision. Spinal deformity was corrected by distracting the upper and lower foundations at the initial surgery. During lengthening surgery, only a lower skin incision was made to expose the connectors. The entire construct was then extended by expanding rods at the connectors. All patients were required to wear a brace for 3 months after the initial growing rod implantation surgery. Thereafter, a brace was not mandatory, including after lengthening procedures.
The Mann-Whitney U test was used for statistical analysis. A P value of <0.05 was considered statistically significant.
RESULTS
Patient characteristics of both treatment groups are shown in Table 1 . Mean height and body weight of patients were both significantly greater in the C group (P ¼ 0.016, P ¼ 0.036), whereas there were no significant differences in age, BMI, or preoperative Cobb angle between groups (73.78 in the T group vs. 78.58 in the C group). Surgical outcomes are shown in Table 2 . The mean preoperative thoracic kyphosis (T2ÀT12) and lumbar lordosis (L1ÀS1) angles were 46.38 (218À738) and 27.88 (138À378), respectively, in the T group, and 49.08 (328À778) and 37.08 (218À578), respectively, in the C group. Postoperative thoracic kyphosis and lumbar lordosis angles were 25.58 (198À348) and 18.78 (118À248), respectively, in the T group, and 32.28 (218À448) and 25.48 (128À418), respectively, in the C group. There was no significant difference between the T group and the C group in either thoracic kyphosis or lumbar lordosis. The fixation ranges were also similar, 12.0 levels (10À12 levels) in the T group and 12.7 levels (11À15 levels) in the C group. 
Correction rate (%) at the initial surgery 37. The correction rate after the initial surgery was 37.9% (36.7%-51.1%) in the T group and 39.6% (25.7%-49.7%) in the C group, with no significant difference. The follow-up period was 68.5 months (59-72 months) in the T group and 26.1 months (20-35 months) in the C group. The follow-up period was markedly shorter in the C group as some of these patients were treated as recently as 2012. Lengthening surgery was performed on average 6.5 times in T group patients and 2.6 times in C group patients. The correction rate at the time of the final follow-up was 52.5% (43.2%-63.9%) in the T group and 51.0% (39.1%-63.8%) in the C group, without significant difference.
Implant failure occurred in three out of four patients in the T group (three of 26 lengthening procedures). This was because of rod fracture in two patients and connector fracture in one patient. In the C group, six out of nine patients experienced implant failure (in eight of 16 lengthening procedures). The site of the fracture was the rod in one patient and the connectors in five patients. Connector fracture occurred twice in two C group patients. The mean time until fracture was 41.3 months (24-71 months) in the T group and 18 months (7-29 months) in the C group.
Thus, rod and connector fractures were observed in both groups. However, rod fracture was relatively rare in the C group, whereas connector fracture was frequent.
No loosening or breakage of the pedicle screw or neurological deterioration was observed in any of the patients.
Postoperative surgical site infection occurred in one patient in the T group. The site of infection was the distal wound. The infection subsided with antibiotics and debridement and the patient was cured without the need to remove the instrumentation.
We then performed a stress distribution analysis using the finite element method to reveal possible reasons for this difference in fracture susceptibility pattern between constructs. CATIA V5 (Dassault Systèmes, Vélizy-Villacoublay, France) was used to design the models and MSC Marc 2008 for analysis (MSC Software Corporation, Newport Beach, CA). A titanium rod or cobalt-chromium rod was connected to a titanium connector to build a construct. Elastic moduli were 110 and 206 GPa, and Poisson's ratios were 0.34 and 0.3 for titanium and cobalt-chromium, respectively. Both model constructs were composed of a 203-mm proximal rod and a 60-mm distal rod at a distance of 10 mm within the connector, for an overall length of 273 mm. The rod length and the magnitude of curvature were the same in both models. The distal screws were fully tightened. A 100-N axial load and 5-N lateral load were applied to the proximal screw to investigate the stress distribution in the rods and connectors (Figure 1 ). For both titanium and cobaltchromium rods, the highest stress was found between the connector and distal screw, and stress to the connector was highest at the distal opening (Figure 2 ).
Case Presentation
A 10-year-old girl visited our hospital for assessment and treatment of spinal deformity. The patient had a history of Sotos syndrome and mitral insufficiency. At 6 years of age, she was diagnosed with spinal deformity by a previous doctor. By 8 years of age, she had a Cobb angle of 578 and, by 9 years of age, it had progressed to 808, after which she was referred to our hospital. At the time of her initial visit, her height was 120 cm and body weight was 23 kg, with no neurological deficit. Her Cobb angle at presentation was 978 (T4-T12; Figure 3 ). At 11 years of age, she underwent growing rod implantation surgery using cobaltchromium rods, which corrected her Cobb angle to 628. At 7 months postoperatively, a fracture was found at the connector site (Figure 4 ) and replaced. The connector fracture occurred again 7 months later ( Figure 5 ), requiring repeat surgery for connector replacement. 
DISCUSSION
Rod fracture is a common complication of the dual growing rod technique, with reported incidence between 15% and 20%. [4] [5] [6] Indeed, the majority of patients in both titanium and cobalt-chromium groups of our study experienced at last one implant failure. The overall incidence of fracture in the 42 lengthening surgeries was 26.1% (11/42), in accord with previous reports. 4, 5 We found no evidence for improved failure rate using cobalt-chromium rods, but the site of implant failure differed between groups. Titanium rod/connector constructs tended to show greater susceptibility for distal rod fracture, whereas cobalt-chromium rod/titanium connector constructs exhibited substantially greater susceptibility to connector fracture. This difference was likely not because of variation in mechanical stress distribution as evidenced by Figure 2 . The greatest stress concentration was found at the rod between the connector and distal screw in the constructs of both groups. Concerning the connector, the highest stress concentration was found at the distal opening site in each group. stress modeling. Rather, the relatively weakest point was the site of failure. Future construct designs must consider strength distribution relative to stress distribution to reduce implant failure rates.
Previous reports have identified several risk factors for rod fracture, such as prior fracture, single rods, stainlesssteel rods, small diameter rods, proximity to the tandem connector, a shorter tandem connector, and preoperative ambulation. It is thus necessary to perform follow-up surgery with sufficient consideration for these risks. 7, 8 Syndromic scoliosis has been reported to cause more implant failures than neuromuscular scoliosis. 4, 10 However, no study has compared risks between constructs composed of titanium or cobalt-chromium rods. We were unable to detect a significant difference in implant failure rates among group C and T patients (either in general or between scoliosis types) because of the limited number of patients investigated, particularly in the T group. Nonetheless, we found no evidence for a lower fracture rate using stiffer cobalt-chromium rods because of the greater susceptibility to connector failure.
Cobalt-chromium is now frequently used for spinal instrumentation because of its higher mechanical strength, which prevents correction loss. Lamerain et al 9 reported a higher correction rate using cobalt-chromium rods compared with stainless-steel rods in posterior correction for adolescent idiopathic scoliosis. Similarly, Smith et al 11 reported a lower incidence of rod fracture with cobaltchromium alloy compared with titanium alloy and stainless steel in cases of adult spinal deformity. In the current study, however, we observed no significant difference in the initial correction rate between groups implanted with titanium rods or cobalt-chromium rods. In both groups, correction rates were almost the same as those reported by Thompson et al 3 and Watanabe et al.
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Implant failure during lengthening procedures was common in both groups, and rates were slightly higher than reported previously. 4, 5 However, the site of failure in the C group was mainly at the titanium connector rather than the rod, suggesting no reduction in failure rate but a greater susceptibility to connector failure when using cobalt-chromium growing rods compared with titanium rods and connectors. We conducted modeling analysis to identify regions of highest stress and likely facture sites. The results revealed peak stress on the distal rod between the connector and distal screw for both constructs. Stress to the connector was highest at the distal opening (Figure 2 ). This stress distribution may have caused the high incidence of distal rod fractures in the T group. On the other hand, the stiffer metallic strength of cobalt-chromium rods may have led to fractures in the distal connector rather than the rod as this would be the weaker point in cobaltchromium rod/titanium connector constructs.
In the present study, the height and body weight of patients were significantly greater in the C group, resulting in a larger load on rods and connectors. Larger body size may thus have increased the risk for implant failure in the C group, obscuring any gain in reliability because of greater rod strength. However, these patients also had fewer lengthening procedures, and Watanabe et al 5 reported a greater number of rod failures in patients requiring more lengthening procedures. As cobalt-chromium rods became available more recently, both follow-up duration and the number of lengthening procedures were lower in the C group than the T group. The most parsimonious conclusion is that constructs of cobalt-chromium rods and titanium connectors do not reduce overall failure rate, but rather shift the site of failure from rod to connector. Nguyen et al 12 conducted a fatigue test by bending titanium, stainless steel, and cobalt-chromium rods of different metallic strengths and found that a load of 700 N fractured the notch part of the rod in constructs using titanium rods and fractured the screw neck in constructs using cobalt-chromium rods. Thus, lower implant failure rates will require elimination of weak points, not just stronger rod materials.
Limitations of this study included the retrospective design, differences in fixation ranges, and preoperative levels of activity among the patients, the small sample size (particularly in the titanium rod group), and a relatively short followup period before final fixation. For more clinically reliable conclusions, a prospective randomized study with a larger number of patients and a longer follow-up period is required. Another limitation was a lack of biomechanical testing of constructs. Fatigue testing using actual rods and connectors could be helpful for understanding the effects of loading on constructs in the clinical situation.
Despite these group differences, the T and C groups were well-matched regarding treatment, as all patients in the present study were operated on by the same surgeon using the same surgical techniques.
CONCLUSION
Implant failure is a common complication of the dual growing rod technique for treatment of early onset scoliosis.
We found no evidence for a difference in failure rate between titanium rods and cobalt-chromium rods, only a shift in the failure site.
In both cases, fracture occurred at the relatively weakest point subjected to high predicted loading stress, the distal rod-connector transition site in all-titanium constructs, and the titanium connector in cobalt-chromium rod/titanium connector constructs.
The combination of cobalt-chromium rods and titanium connectors increased the stress level on the connector because of differences in the metallic strength, resulting in frequent connector fracture.
Key Points
The present study compared the incidence and location of implant failure between titanium rod and cobalt-chromium rod constructs after implantation surgery for early onset scoliosis. The overall incidence of implant failure in the present study was 26.1% (11/42 lengthening surgeries). Connector failure happened more frequently in the cobalt-chromium rod group than the titanium rod group.
